For estimating the annual mean of daily solar irradiation in plateau mountainous regions, observed data from 15 radiation stations were used to validate different empirical estimation methods over the Tibetan Plateau. Calibration indicates that sunshine-based site-dependent models perform better than temperature-based ones. Then, the highly rated sunshine-based Ångström model and temperature-based Bristow model were selected for regional application. The geographical models perform much better than the average models, but still not ideally. To achieve better performance, the Ångström-type model was improved using altitude and water vapor pressure as the leading factors. The improved model can accurately predict the coefficients at all the stations, and performs the best among all models with an average Nash-Sutcliffe Efficiency value of 0.856. Spatial distribution of the annual mean of daily solar irradiation was then estimated with the improved model. It is indicated that there is an increasing trend of radiation from east to west, with a great center of the annual mean of daily solar irradiation on southwest Tibetan Plateau ranging from 20 to 24 MJ·m −2 . The improved model should be further validated against observations before its applications in other plateau mountainous regions.
Introduction
Solar radiation plays a critical role in most land surface processes including physical, biological and chemical processes, e.g., hydrological cycling, vegetation growth, climate and weather change [1] [2] [3] [4] .
developed for more accurate estimation of the distribution of solar radiation under complex terrain conditions on the TP.
In this study, the annual mean of daily solar irradiation from 15 solar stations on the TP and its surrounding regions were collected and analyzed. The objectives of this research are: (1) to thoroughly test the hypothesis that the coefficients of the empirical models vary considerably on the TP and its adjacent areas; (2) to compare the performances of different methods on determining regional coefficients of the empirical models over the TP; and (3) to identify the leading factors accounting for the variations in coefficients and develop an innovative simple sunshine-type model for accurate estimation of the distribution of the annual mean of solar irradiation over the TP.
Results

Spatial and Temporal Pattern of Observed Annual Mean of Solar Irradiation
The fifteen radiation stations were classified into six groups according to altitude, and the variations of the annual mean of daily solar irradiation from 1993 to 2010 for each group can be seen in Figure 1 . Generally speaking, temporal variations are relatively stable at all stations except an abrupt drop around 2008 at Panzhihua. There is a general trend that the annual mean of daily solar irradiation becomes greater with increasing altitude. The annual mean of daily solar irradiation on the TP, such as at Lhasa, Shiquanhe and Naqu, is much greater than that in its surrounding regions like Panzhihua. The lowest annual mean of daily solar irradiation occurs in Ermeishan with a value of 13.35 MJ·m −2 , due to large cloud coverage. The greatest annual mean of solar irradiation occurs at Shiquanhe, with a value of 21.49 MJ·m −2 . Greater annual mean of daily irradiation on the TP again validates the assumption that abundant solar energy resources are held on the TP due to its higher elevation [38, 51] . These data are fundamental supports for the validation of estimated spatial radiation distribution on the TP. 
Comparison of the Performances of Different Methods on Estimation of Daily Solar Irradiation
The coefficients of site-dependent models were first fitted for each of the selected 15 stations. Each pair of the coefficients of a and b relates to the corresponding station, meaning that these coefficients cannot be used in the regional scale. However, based on these coefficients, regional coefficients are obtained by average, geographical, and modeling methods as follows.
Site-Dependent Models
First, the three sunshine-based models, Ångström, Ogelman and Bahell, were calibrated with the datasets from 1993 to 2007 (Table 1) . Coefficients of a and b in the Ångström model range from 0.173 in Panzhihua to 0.291 in Ganzi, and from 0.498 in Panzhihua to 0.603 in Changdu, respectively. Similar variations can also be found in the coefficients of Ogelman and Bahell models. Though the coefficients are different for different stations, the average values of NSE of the three sunshine-based models are nearly the same, with values of 0.885, 0.886 and 0.887 respectively. The other evaluation indicators such as MAPE, RRMSE, Slope and Inter also confirm the similar model performance. The three temperature-based models were then calibrated at each station using the same period of data ( Table 1) . The coefficients of a, b and c in Bristow model also vary considerably, ranging from 0.601 in Panzhihua to 1.005 in Changdu, from 0.005 in Gangcha to 0.057 in Tengchong, and from 1.18 in Tengchong to 2.340 in Gangcha, respectively. Similar variations in the coefficients can also be found in the calibration results of the Hargreaves and Chen models. The NSE values of the three temperature-based models are also quite similar, with average values of 0.672, 0.671 and 0.673, respectively. Compared with the sunshine-based models, the NSE values of the three temperature-based models are much lower, indicating sunshine-based models have obvious advantages over the temperature-based ones in model calibration on the TP. The calibrated coefficients of the site-dependent models were then used to predict daily solar irradiation at different stations, and the model performance is shown in Table 2 . Comparison between Tables 1 and 2 indicates that model prediction performed a little worse for the validation period compared to the calibration period for both sunshine-and temperature-based models, which is a normal phenomenon in the view of statistical theory [45] . However, changes in NSE and the other evaluation indicators within and between the sunshine-and temperature-based models are quite similar to those for the calibration period. Differences in model performance were further analyzed by t-test (Figure 2) , and the results indicate lower t values exist within the results from sunshineor temperature-based models, but the t value is greater between the results from sunshine-and temperature-based models (though not significant with t 0.05 test), showing great difference exists between the performance of the sunshine-and temperature-based models. Table 2 . Validation of the sunshine-and temperature-based site-dependent models for the calibrated coefficients in Table 1 On the whole, the sunshine-based models performed better than the temperature-based ones, but only small differences in model performance exit within sunshine-or temperature-based models themselves. So the highly rated Ångström and Bristow models, representing the sunshine-and temperature-based model respectively, were selected for further study on developing average and geographical models in the following sections. 
Average Models
Regional coefficients of a and b in the Ångström model were obtained by simply averaging the coefficients calibrated at the fifteen radiation stations, then daily solar irradiation was predicted at each station by the same coefficients of a and b, with values of 0.229 and 0.549 respectively. As mentioned above, the coefficients of a and b vary greatly between different stations, thus using the average coefficients to represent all of the coefficients at the fifteen stations will cause bigger error than the models with site-dependent coefficients. Comparison of Tables 2 and 3 Table 3 . No values of the NSE were lower than 0.400 in the performance of the site-dependent Bristow model (Table 2) , whereas there are 5 out of 15 stations with NSE values lower than 0.400 for the Bristow-type simple average model ( Table 3) .
Performance of the statistical average model can also be seen in Table 3 
Performance of the statistical average model can also be seen in Table 3 . The coefficients of a and b in the Ångström-type statistical model are 0.229 and 0.550 respectively, nearly the same as those in the corresponding simple average model. Estimation of daily solar irradiation at 15 stations with the nearly same coefficients leads to a very similar model performance between Ångström-type simple average model and the corresponding statistical average model (Table 3 ). In contrast, the coefficients of the Bristow-type statistical average model are quite different from those of the Bristow-type simple average model. All in all, the Bristow-type statistical average model performed better than the Bristow-type simple average model at 11 out of 15 stations based on NSE (Table 3) . In short, the Ångström-type simple average model performs nearly the same as the Ångström-type statistical average model, and both of the models are better than the Bristow-type simple/statistical average models. Among all of the average models, the Bristow-type simple average model performed the worst, even having a negative NSE value at Changdu station.
Geographical Models
Coefficients of the site-dependent Ångström/Bristow models at 15 stations (Table 1) were fitted with their corresponding geographical parameters, and the multiple linear models linking the coefficients and the geographical parameters were shown in Table 4 . The geographical models are somewhat more complex than the simple/statistical average models with more geographical parameters involved. Thus, the geographic model would be expected to perform better than the simple/statistical average models. However, Ångström-type geographical model performs almost the same as the corresponding average models, while the Bristow-type geographical model performed better than the corresponding simple average model but worse than the statistic one (Table 5 ). In addition, the better performed Ångström-type geographical model cannot be applicable under extreme conditions, e.g., in the mountain Everest with altitude 8844.43 m, due to its unacceptable coefficient (a + b) greater than 1. This will be further discussed in the below sections. As mentioned above, the sunshine-based Ångström model is superior to the temperature-based Bristow model. Therefore, the Ångström model was selected to develop a new model for regional application on the TP and its surrounding regions. For development of the regional model, suitable equations should be established to account for the variations in the coefficients of Ångström model on the TP and its surrounding regions. Therefore, variations in the coefficients of Ångström model was analyzed first. Coefficients of a, b and (a + b) at 15 radiation stations are given in Figure 3 , indicating not only a and b but also the sum of (a + b) vary greatly on the TP and its surrounding regions.
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Improved Ångström-Type Model
As mentioned above, the sunshine-based Ångström model is superior to the temperature-based Bristow model. Therefore, the Ångström model was selected to develop a new model for regional application on the TP and its surrounding regions. For development of the regional model, suitable equations should be established to account for the variations in the coefficients of Ångström model on the TP and its surrounding regions. Therefore, variations in the coefficients of Ångström model was analyzed first. Coefficients of a, b and (a + b) at 15 radiation stations are given in Figure 3 , indicating not only a and b but also the sum of (a + b) vary greatly on the TP and its surrounding regions. To account for the great variation in the coefficients in Figure 3 , more than one hundred of different mathematical functions and variable combinations were tested to find the best equation to fit the relationship between coefficients of Ångström model and the related geographical or meteorological factors. The leading factor accounting for the variation in coefficient b was identified as water vapor pressure, and a reciprocal relation was established between the coefficient b and the corresponding averaged daily water vapor pressure (Figure 4a ). We failed to find the suitable equation for fitting the coefficient a, though it is believed that coefficient a is related to cloudiness [42] . However, it was found that the sum of coefficients (a + b) correlated well to the altitude as a logarithm function (Figure 4b) . Thus, the improved Ångström-type model can be expressed as follows:
If S = S0, i.e., cloud-free conditions, then H = (a + b)H0. Since the clearness index Kt is defined as H = KtH0, (a + b) = Kt in the cloud-free conditions. When S = 0, i.e., overcast conditions, then H = aH0, and a is equal to Kt in overcast conditions.
where is altitude (m), and is the average daily water vapor pressure (hPa). Linear regressions between coefficients and leading factors indicate that the improved model accounts fairly well for variations in the coefficients of the Ångström model (Figure 4 ). To account for the great variation in the coefficients in Figure 3 , more than one hundred of different mathematical functions and variable combinations were tested to find the best equation to fit the relationship between coefficients of Ångström model and the related geographical or meteorological factors. The leading factor accounting for the variation in coefficient b was identified as water vapor pressure, and a reciprocal relation was established between the coefficient b and the corresponding averaged daily water vapor pressure (Figure 4a ). We failed to find the suitable equation for fitting the coefficient a, though it is believed that coefficient a is related to cloudiness [42] . However, it was found that the sum of coefficients (a + b) correlated well to the altitude as a logarithm function (Figure 4b) . Thus, the improved Ångström-type model can be expressed as follows: Validation of the improved Ångström-type model indicates that it performs better than the average and geographical models (Table 6 ). In addition, the improved Ångström-type model can also account for the variations in coefficients better than the average and geographical models. Performance of the different kinds of models in predicting annual mean of daily solar irradiation at Lhasa in the validation period 2008-2010 is shown in Figure 5 , indicating vividly that improved Ångström-type model performs much better than the average and geographical models. Note that it ln(altitude) If S = S 0 , i.e., cloud-free conditions, then H = (a + b)H 0 . Since the clearness index Kt is defined as H = KtH 0 , (a + b) = Kt in the cloud-free conditions. When S = 0, i.e., overcast conditions, then H = aH 0 , and a is equal to Kt in overcast conditions.
where Alt is altitude (m), and Vap is the average daily water vapor pressure (hPa). Linear regressions between coefficients and leading factors indicate that the improved model accounts fairly well for variations in the coefficients of the Ångström model (Figure 4) . Validation of the improved Ångström-type model indicates that it performs better than the average and geographical models (Table 6 ). In addition, the improved Ångström-type model can also account for the variations in coefficients better than the average and geographical models. Performance of the different kinds of models in predicting annual mean of daily solar irradiation at Lhasa in the validation period 2008-2010 is shown in Figure 5 , indicating vividly that improved Ångström-type model performs much better than the average and geographical models. Note that it is only fortuitous that the NSE of the geographical model is even greater than those of the site-dependent Ångström, Ogelman and Bahell models. The NSE values of the improved Ångström-type model are generally slightly lower than those of the site-dependent models (Tables 2 and 6 ). Figures drawn for the other stations are quite similar to Figure 5 , and were not shown due to the limitation of space. 
Estimation of the Spatial Distribution of the Annual Mean of Daily Solar Irradiation with the Improved Ångström-Type Model
The spatial distribution of the annual mean of daily solar irradiation was estimated by the improved Ångström-type model using gridded 1 km × 1 km sunshine percentage and water vapor pressure interpolated over the region. The first step was to validate the ANUSPLIN interpolation method on the TP. To do so, water vapor pressure data measured at 8 stations in the period 1993-2010 were selected as a validation dataset. Then, water vapor pressure from the other weather stations As mentioned above, the improved Ångström-type model performs much better than the average and geographical models, with higher skill in accounting for the coefficient variations. Thus, the improved Ångström-type model was selected to estimate the spatial distribution of the annual mean of daily solar irradiation on the TP.
The spatial distribution of the annual mean of daily solar irradiation was estimated by the improved Ångström-type model using gridded 1 km × 1 km sunshine percentage and water vapor pressure interpolated over the region. The first step was to validate the ANUSPLIN interpolation method on the TP. To do so, water vapor pressure data measured at 8 stations in the period 1993-2010 were selected as a validation dataset. Then, water vapor pressure from the other weather stations was used as input to the ANUSPLIN software to interpolate the gridded water vapor pressure data over the TP. The interpolated water vapor pressure at the 8 selected stations in the period 1993-2010 were used to validate against the measured ones, and the result of the validation indicated that a reliable and accurate interpolation could be done by ANUSPLIN interpolation method (Figure 6a) . Validation of the sunshine percentage showed similar result as that for water vapor pressure (Figure 6b ). Based on these results, the spatial distribution of water vapor pressure and sunshine percentage on the TP was interpolated (Figure 7b,c) , based on which the coefficients of (a + b), b and a were rasterized by the improved Ångström-type model using the ArcGIS 10.3 platform (Figure 7e,f) . Based on these results, the spatial distribution of water vapor pressure and sunshine percentage on the TP was interpolated (Figure 7b,c) , based on which the coefficients of (a + b), b and a were rasterized by the improved Ångström-type model using the ArcGIS 10.3 platform (Figure 7e,f) .
Extra-terrestrial radiation is defined as the solar radiation received at the top of the earth's atmosphere on a horizontal surface, and is only a function of latitude, date and length of the daytime. By accumulation of the time, the annual daily extra-terrestrial radiation should be distributed latitudinally. The extra-terrestrial radiation calculated according to Allen et al. [9] exactly fits this basic common knowledge (Figure 8a) . Finally, the coefficients of a and b, sunshine percentage and the extra-terrestrial radiation were used as input variables to drive the improved Ångström-type model for estimation of the annual mean of daily solar irradiation on the TP. Both annual and seasonal spatial distribution of the annual mean of daily solar irradiation were rasterized in Figure 8b -f. Generally speaking, the annual mean of daily solar irradiation is greater in spring and summer and less in the autumn, and radiation increases from east to the west, with greatest values in the southwest part of the TP. The notable exception of the greatest annual mean of daily solar irradiation located in the most south TP for the winter in Figure 8f might be attributed to grater coefficients b aroused by the lower water vapor pressure and greater extra-terrestrial radiation in this region in winter days. Annual mean of daily solar irradiation has a similar spatial distribution to those of the seasonal, ranging from 9 MJ·m −2 in the east to the 24 MJ·m −2 in the southwest TP. Based on these results, the spatial distribution of water vapor pressure and sunshine percentage on the TP was interpolated (Figure 7b,c) , based on which the coefficients of (a + b), b and a were rasterized by the improved Ångström-type model using the ArcGIS 10.3 platform (Figure 7e,f) . Extra-terrestrial radiation is defined as the solar radiation received at the top of the earth's atmosphere on a horizontal surface, and is only a function of latitude, date and length of the daytime. By accumulation of the time, the annual daily extra-terrestrial radiation should be distributed latitudinally. The extra-terrestrial radiation calculated according to Allen et al. [9] exactly fits this basic common knowledge (Figure 8a) . Finally, the coefficients of a and b, sunshine percentage and the extra-terrestrial radiation were used as input variables to drive the improved Ångström-type model for estimation of the annual mean of daily solar irradiation on the TP. Both annual and seasonal spatial distribution of the annual mean of daily solar irradiation were rasterized in Figure  8b -f. Generally speaking, the annual mean of daily solar irradiation is greater in spring and summer and less in the autumn, and radiation increases from east to the west, with greatest values in the southwest part of the TP. The notable exception of the greatest annual mean of daily solar irradiation located in the most south TP for the winter in Figure 8f might be attributed to grater coefficients b aroused by the lower water vapor pressure and greater extra-terrestrial radiation in this region in winter days. Annual mean of daily solar irradiation has a similar spatial distribution to those of the seasonal, ranging from 9 MJ·m −2 in the east to the 24 MJ·m −2 in the southwest TP. 
Discussion
The main objective of this research is to develop a suitable method for estimating the annual mean of daily solar irradiation under complex terrain conditions like the TP. Based on the annual mean of daily solar irradiation measured over the TP and its surrounding regions, we have identified the variation of coefficients at different locations, and the performances among several methods on determining the regional coefficients were compared. These results are based on the strictly checked 
The main objective of this research is to develop a suitable method for estimating the annual mean of daily solar irradiation under complex terrain conditions like the TP. Based on the annual mean of daily solar irradiation measured over the TP and its surrounding regions, we have identified the variation of coefficients at different locations, and the performances among several methods on determining the regional coefficients were compared. These results are based on the strictly checked dataset and statistical analysis, and can be believed to be reliable with few uncertainties and limitations. The spatial distribution of the annual mean of daily solar irradiation was estimated based on the ANUSPLIN interpolation method and the improved Ångström-type model. The Ångström model performs better than the Bristow-Campbell model used in our previous study [52] . However, the inherent defects of the interpolation method and paucity of the observation data in the central and western TP would inevitably lead to some uncertainties in the estimation of the spatial distribution of the annual mean of solar irradiation on the TP. In what follows we will discuss these aspects in more detail.
Variation in the Coefficients of the Site-Dependent Models on the Tibetan Plateau
The coefficients of the site-dependent models used in this study are comparable to most of the results reported in previous studies [30, 41, 42] , and the difference of the coefficients between different studies can be attributed to the differences in quality control and length of the dataset used for model calibration.
The coefficients of both sunshine-and temperature-based models vary more greatly than those reported on the plain regions e.g., [30, 41, 42, 44, 49, 50] , and the coefficients of the highly rated Ångström and Bristow models deserved to be discussed in more detail. The coefficients a and b of the Ångström model change considerably between stations at higher altitude compared to those at lower elevations (Figure 3) , and the sum of the coefficients (a + b) increases from 0.671 in Panzhihua to 0.845 in Shiquanhe and Naqu. In contrast, the sum (a + b) of Ångström model only varies from 0.68 to 0.78 among 20 stations distributed in North and Northeast Plain of China [42] . The coefficients a and b of the Ångström model reflect the effect of type and thickness of prevailing clouds and the transmission characteristics of the atmosphere, which is mainly determined by the total water content and turbidity [42] . Due to the effect of monsoon and the complex terrain, the prevailing clouds differ greatly across the TP [55, 56] . In addition, as the altitude of the ground increases, the thickness of the atmosphere above decreases, and the atmospheric transmittance increases as a whole (Equation (1)), which is the reason that (a + b) in the TP varies greater than the (a + b) in areas of lower terrain. As for the temperature-based Bristow model, the coefficients also change greatly on the TP and its surrounding regions (Table 1) , in line with previous findings in [52] . In Bristow model, coefficient a represents the potential transmittance on a clear day, while coefficients b and c control the rate at which a is approached as the temperature difference increases [28, 52] . For a clear sky condition, the transmittance is mainly determined by air mass, ozone, aerosol density and water vapor content [57] . Generally speaking, the TP can be treated as a clean region with lower aerosol density compared to other parts of China [58] , so the effect of aerosol is relatively smaller. The ozone is distributed inhomogeneously with a lower center on the TP [59] . Though ozone has a large effect on the irradiation at short wavelength, it has a negligible influence on the total irradiation. However, the air mass could change greatly on the TP due to large elevation difference aroused by the complex terrain [54] , which will surely contribute to a great variation in the coefficient a in Bristow model. Coefficients b and c of Bristow model control the changing rate in atmospheric transmissivity as diurnal temperature difference changes, which mean that both of them have close relation to the Diurnal Temperature Range (DTR) at a given station. DTR on the TP is much larger than that at the lower altitude, as solar radiation is greater in daytime and greenhouse effect of the atmosphere at night is very weak due to thin air in the higher elevation regions [55, 60] . In addition, the rolling terrain on the TP also leads to the different DTR at different locations, e.g., cold air drainage down mountainous slopes will affect DTR differently at the peak versus the foot of the mountains [61] .
The different processes controlling DTR at different sites will inevitably affect the coefficient b and c of Bristow model. Detailed analysis of DTR on the TP and its possible effect on coefficients b and c will probably lead to a revised Bristow model suitable for regional application on the TP, but this is beyond the scope of this study.
In a word, the inhomogeneous distribution of the air mass, ozone and the content of pressure, together with the different processes influencing DTR caused by the special alpine climate conditions [55, 60, 62] , contribute to the great variation in the coefficients of the empirical models on the TP and its surrounding regions.
Comparison of the Performance between Different Kinds of Methods
Comparison of the performance between the sunshine-and temperature-based models in Tables 1 and 2 indicates that the sunshine-based models outperform the temperature-based ones. This conclusion is in good agreement with other studies e.g., [30, 36, 37] , and it was also validated by a case study in Gaize in the center part of the TP [38] . Recently, observation data collected at 98 stations worldwide were used for model evaluation, and the results reconfirmed again that the sunshine-based Ångström model performed better than the temperature-based ones [39] . As all of the coefficients in the average and geographical models were from the sunshine-or temperature-based site-dependent models, the sunshine-based average and geographical models can be expected to be superior to the corresponding temperature-based ones, which have been identified by the results in Tables 3 and 5 .
An Ångström-type average model has been suggested for solar radiation estimation in Northeast Plain of China [44] , which performs well with the average coefficients a and b of 0.215 and 0.518, respectively. This performance can be attributed to the small coefficient variation, which is attributed to small difference in elevation and the homogenous climate conditions in this plain area. However, things can be quite different on the TP and its surrounding regions, where the coefficients vary greatly. The great variation in the coefficients means it may not be proper to use an average value to represent all of different locations on the TP and its surrounding regions. This conclusion is supported by the results in Table 3 , which indicates that the values of NSE at two stations drop below 0.60 by using the Ångström-type simple/statistical models. Li et al. [53] developed an Ångström-type statistical average model based on the dataset collected at 4 stations on the TP, and the result identified clearly that big errors occurred at one of the four selected stations. As for the temperature-based average models, the coefficients were influenced by a number of factors as discussed above. Statistically averaging the coefficients leads to NSE values at 9 out of 15 stations dropped below 0.60 (Table 3) . Even worse, simply averaging the coefficients leads to an almost total failure in radiation estimation ( Table 3) .
As the average model cannot take into account the variation in coefficients at different stations, the geographical model was preferred for the regional application. Li et al. [50] developed a temperature-based geographical model for estimating the annual mean of daily solar irradiation in southwest regions of China, using data from five stations ranging from 259 m to 1074 m. Different geographical models were also developed for different solar radiation zones in China [49] . We re-examined the results of these geographical models, and found that both sunshine-and temperature-based geographical models perform well in the other regions of China, especially in the plain areas. However, these geographical models were simply based on the empirical relationship between the model coefficients and the geographical parameters without any physical foundation, which means that it might lead to the unacceptable predictions under extreme conditions. For an example, when the altitude is as high as 8844.43 m in the Mountain Everest, the value of the coefficient (a + b) in the Ångström-type general model would be 1.02. This is surely ridiculous, as the value of (a + b) can never be larger than 1.0 according to the physical meaning mentioned above. Therefore, the geographical model definitely cannot be applicable in estimation of the annual mean of daily solar irradiation on the TP.
Unlike the geographical models, the improved Ångström-type model was developed based on the leading factors accounting for variation in the coefficients rather than geographical parameters such as latitude and longitude. In this study, the improved Ångström-type model was established based on two fundamental factors, i.e., altitude and water vapor pressure. They are skillful in predicting the coefficients at different stations (Figure 4) , making the improved Ångström-type model perform much better than the average and geographical models. The superior performance of the improved Ångström-type model can be attributed to the suitable expression of a and (a + b). In the improved Ångström-type model, the coefficient b was expressed as a function of the water vapor pressure, and the sum of coefficients (a + b) was described as a function of the altitude. The coefficient b reflects the transmission characteristic of the atmosphere [42] , which is mainly influenced by water vapor content on the TP [63] . As the water vapor content changes greatly at different locations on the TP [56] , introduction of water vapor pressure in coefficient b can significantly improve the applicability of the Ångström model at regional scale, which has already been identified by Wang et al. [64] . Our recent case study on the TP also identified the important role of the water vapor pressure in the Ångström model [38] , with parameters different with those fitted in this study due to different data samples. The sum of coefficient (a + b) represents the transmittance on a clear day, under which condition the air mass plays an important role on radiative transfer. Air mass above the station site [54] is strongly determined by the altitude under clear sky conditions, due to negligible aerosol pollutions on the TP [58] . Thus, altitude is the leading factor influencing the variation in coefficients at different stations on the TP, which means that description of (a + b) as the function of altitude is reasonable and physical.
Evaluation of several empirical models by Liu et al. [40] also suggested that the altitude was one of the leading factors to account for variations in (a + b) [40] . The logarithm function of altitude used on the TP in this study was preferred to the simple linear function of altitude in the plain region, mainly due to the higher elevation on the TP. In addition, similar to the model suggested by Liu et al. [40] , a two-step procedure to predict the coefficients b and a was believed to enable accurate fitting of the coefficients for Ångström model, due to the constraint of the (a + b) relationship [40] .
As discussed above, all of the six sunshine-and temperature-based site-dependent models can accurately simulate the annual mean of daily solar irradiation at 15 stations, but the sunshine-based site-dependent models performed better than the temperature-based ones. As the coefficients of the models vary greatly among different stations, these site-dependent models can only be used to estimate the annual mean of daily solar irradiation locally at the corresponding stations, and cannot be used for the regional prediction. For regional application, the coefficients of the site-dependent models at 15 stations were simply or statistically averaged to represent the regional coefficients to simulate the annual mean of daily solar irradiation at different locations, but these kind of average models performed badly. Compared to the average models, geographical models performed better, but still not ideally. The improved Ångström-type model performed much better than both average and geographical models, and can be successfully applied at the regional scale on the TP, as the leading factors influencing the variations in coefficients at different locations have been taken into account deliberately.
Limitation of the Improved Ångström-Type Model
By using the two-step procedure and taking into account the leading factors to fit coefficients of Ångström model, the improved Ångström-type model outperforms both the average and geographical models. However, this model is based on some of the assumptions discussed above, which will inevitably confine its applicability under some conditions. One of the main limitation stems from the objectives of this research and the data used in this study. As we want to accurately estimate the annual mean of daily solar irradiation on the TP, the dataset used to develop the model was mainly collected on the TP and its surrounding regions, with all of the elevation higher than 1000 m. This may result in the incapacity of the model to accurately predict radiation at lower altitudes. It can be seen clearly that the sum of coefficient (a + b) in the model would yield negative values when the altitude is less than 1.75 m. Thus, we strongly suggest that the improved Ångström-type model should not be used in the other regions with lower elevations, especially the plain regions with altitude less than Energies 2017, 10, 892 20 of 28 1000 m. Another main limitation is due to the assumption in the model development that the changes in aerosol concentration on the TP are negligible and thus the effect of aerosol on the coefficients was not considered. This assumption has been validated on the TP in general [58, 63] , but is obviously inappropriate for the large cities adjacent to the TP. Therefore, the improved Ångström-type model is also invalid for application in the surrounding large populous cities like Kunming and Guiyang, due to their serious pollution caused by rapid industrialization in recent decades [65] . Attempt was made to improve the applicability of the improved Ångström-type model by involving more datasets from other parts of China, together with a modifying factor of aerosol [66] . However, ironically, this attempt made the model inadequate for estimating the annual mean of daily solar irradiation on the TP, with only little success in improving the accuracy of the annual mean of daily solar irradiation prediction for large cities around the TP.
Spatial Distribution of the Annual Mean of Solar Irradiation on the Tibetan Plateau
According to the Ångström model, correct calculation of the extra-terrestrial radiation and reasonable estimation of the coefficients are the basic premises for accurate simulation of the spatial distribution of the annual mean of daily solar irradiation on the TP. However, the previous version of spatial distribution of the annual mean of daily solar irradiation on the TP [52] was based on the Bristow-type simple average model, which has been identified as an unsuitable method for radiation estimation on the TP, as discussed above.
In this study, most stations are located in the eastern part of the TP (Figure 7a ), which makes detailed comparison between rasterized values and the corresponding measurements possible. The annual mean of daily solar irradiation was compared point by point with the corresponding values at the 14 radiation stations in Figure 7a [38] . The annual mean of daily observation value is 21.0 MJ·m −2 in Gaize (32 30 N, 84 06 E, and, 4420 m a.s.l.), which is quite close to the rasterized value of 21.8 MJ·m −2 in this study. Based on the comparison made above, we can have confidence in the validation of the spatial pattern of solar radiation distribution on the TP rasterized in this study.
Although the spatial distribution of the annual mean of daily solar irradiation on the TP can be envisaged to be reliable, we must keep in mind that the rasterized annual mean of daily solar irradiation were obtained from the gridded sunshine percentage and water vapor pressure, which were interpolated by the ANUSPLIN method [67] . Ahead of application, the ANUSPLIN method was validated at eight meteorological stations on the TP, among which only one station is situated in the central TP and none are located in the western TP. The ANUSPLIN method is believed to be superior in interpolation of meteorological variables [68] , but greatest uncertainty was found in poorly sampled areas [69] , which is the common defect for all of the interpolation methods [45] . Recently, the ANUSPLIN method and several other interpolation methods were used to interpolate the gridded daily meteorological dataset over China [70] , and the results indicated that data interpolated with different kinds of methods showed great uncertainty in regions with sparse stations, especially on the western TP. Therefore, it can be cautiously speculated that great uncertainty of interpolation may exist in the detailed distribution of the annual mean of solar irradiation in the central and western part of the TP, and further in situ investigations of the annual mean of daily solar irradiation in this vast unpopulated region are very urgent in the near future.
In addition, it must be kept in mind that the global solar radiation referred in this study means solar radiation at horizontal level without the screening effect of surrounding environments, just like those mentioned in all of the references cited in this work, e.g., [38, 40, 53] , etc. This kind of radiation is comparable to the global radiation collected in the weather stations, which is measured at horizontal level without any sheltering. Actual radiation can be calculated by topography models based on DEM, with the horizontal level radiation as the first indispensable input variable. In other words, accurate simulation of the horizontal level radiation is the first essential step towards the reliable estimation of the actual radiation at given locations, which is beyond the topic of this study. We also noticed that the recent availability of data on the atmospheric constituents (every 3 h, approx. every 80 km) from Copernicus Atmosphere Monitoring Service will be useful for solar radiation estimation. The availability of time-series of solar radiation in cloud-free conditions (global, direct, diffuse) for the TP provided by the McClear model (see www.soda-is.com) and the details could be found in Lefèvre et al. [71] . This model could be considered in future researches.
Materials and Methods
Study Area and Data Collection
Situated in the Southwest China, the TP is the highest plateau over the world, featuring the tallest mountain Everest at 8844.43 m. The TP belongs to a special Plateau Alpine climate zone, with low temperatures, little precipitation and abundant sunshine [62] .
There are about 2400 meteorological stations routinely observing meteorological conditions in China, but most of them are distributed in the east part of the country (Figure 9 ). Considering that there are very few radiation stations on the TP, the radiation stations in its surrounding regions were also included in this study, aiming to both increase the number of stations and identify the variation of coefficients. The study region defined as in Figure 9 is similar to those in previous studies [52, 72] . For accurate estimation of radiation distribution on the TP, the database with 2400 stations archived in the National Meteorological Information Center (NMIC) of China Meteorological Administration (CMA) was employed. Distribution of the solar radiation stations and the routine weather stations is shown in Figure 9 . Detailed information about the radiation stations is given in Table 7 . A dataset combining the 15 solar radiation stations was first established, including daily solar irradiation, sunshine hours, water vapor pressure, maximum and minimum temperature for the period 1993-2010. Then another dataset was also established for the routine weather stations, including daily sunshine hours and water vapor pressure for the same period. Both datasets were screened similar to rules described by Persaud et al. [73] , i.e., daily observations would be excluded from the datasets if (1) any of the observations were missing; and (2) the measured radiation/extra-terrestrial radiation or the actual sunshine hours/potential sunshine hours was greater than 1. The dataset of solar radiation was divided into two sub-datasets. One sub-dataset from 1993 to 2007 was used for model calibration, while the other from 2008 to 2010 was used for model evaluation. The Digital Elevation Model (DEM) data used for generating the gridded climate map was provided by the National Gometic Center of China (NGCC), with spatial resolution of 1 km × 1 km.
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Model Description
In order to elucidate different methods for solar radiation estimation, four types of solar radiation models are defined and described as follows.
Site-Dependent Model
The coefficients of these models are site-dependent. Six site-dependent models, including three sunshine-and three temperature-based ones, were selected to evaluate their performances on the TP and its surrounding regions (Table 8) . Table 8 . Selected models for estimating daily solar irradiation on the TP and its surrounding regions. H is ground solar irradiation (MJ·m −2 ), H 0 is the extra-terrestrial radiation (MJ·m −2 ), S is the actual sunshine hours (h), and S 0 is the potential sunshine hours (h). D is the temperature difference, which can be calculated as D = T m − [T n (j) + T n (j + 1)]/2, where T m is daily maximum temperature ( • C), T n (j) and T n (j + 1) daily minimum temperature ( • C) on the current and following days respectively. Parameters a, b, c and d are empirical coefficients. H 0 and S 0 can be calculated according to the procedure described by Allen et al. [9] , and the coefficients can be fitted with numerical iteration methods [45] .
Model Type
Model Name Expression Source 
Sunshine
Average Model
In order to apply the site-dependent models regionally, two simple methods are suggested. One method is to obtain the regional coefficients by simply averaging coefficients from different radiation stations [45] , which can be referred to as "simple-average model". Another method is to statistically fit the coefficients to a combined database from all the different radiation stations [44, 52] . In the view of statistics [45] , this method is referred to as "statistical-average model" hereinafter.
Geographical Model
Considering the regional variation in coefficients of the site-dependent models, some researchers tried to establish the relationship between model coefficients and geographical parameters, including latitude, longitude and altitude [30, 49, 50] . This is referred to as "geographical model" in this work.
Improved Ångström-Type Model
It is assumed that a numerical model based on the radiative transfer theory can be universally applied due to its robust mechanism [11, 12] . However, its complex technique in model operation, together with the excessive requirements of input variables, makes it hard for practical application. Thus, models based on the relationship between coefficients and the leading factors accounting for coefficient variations were explored [40] , which is referred to as "improved Ångström-type model" in this study.
Model Evaluation
The Nash-Sutcliffe Efficiency (NSE), the Mean Absolute Percentage Error (MAPE), and the Root Mean Squared Error (RMSE) [30, 38, 42, 52] , were used as criteria in evaluating the model performance in this study, and can be described as follows:
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where O i is the observed value, S i is the simulated value, O is the average value of the observed radiation, and n is the number of observations. Since MAPE is expressed as percentage whereas RMSE does not, RRMSE is used in place of RMSE for comparison with MAPE. RRMSE is the ration of RMSE to the average value of the observation, which is also expressed as percentage [74] . The greater the NSE and the lower the MAPE and RRMSE, the better the model. Slope and Inter are the slope and intercept of the linear regression between observed and simulated, respectively. The t-test was used to identify significant differences between the results of the selected models [75, 76] , and the value of t was calculated as [36, 40] :
where MBE was the bias [38, 42] :
When the calculated |t| ≥ t 0.05 (critical value), the two groups of data are considered to differ significantly.
Australia National University SPLINe (ANUSPLIN) Interpolation Method
The ANUSPLIN (version 4.3, Australia National University, Canberra, Australia) was used to spatially interpolate sunshine hours and water vapor pressure in this study, based on which the distribution of the annual mean of daily solar irradiation was rasterized. The ANUSPLIN was developed by the Australian National University in order to provide a facility for transparent analysis and interpolation of noisy multivariate data using thin plate smoothing splines [67] . Given its full consideration of the effect of latitude, longitude and altitude on meteorological interpolation, the method has been more popular than other interpolation methods [68] , and a detailed description of ANUSPLIN can be referred in [67] [68] [69] .
Conclusions
This study investigated the performance of different site-dependent models based on 15 radiation stations in the TP and its surrounding regions. We found that the coefficients varied greatly among different site-dependent models over the TP, due to the great spatial difference in elevation, water vapor content, complex terrain and also the climate characteristics. The sunshine-based models have better simulation accuracy than temperature-based ones for radiation estimation locally. The simple and statistical average Ångström-based models perform poorly at several stations. The Bristow-based simple/statistical average models perform even worse at most of the stations. Geographical Ångström-type models perform much better than the average models, but it might lead to unacceptable predictions under extreme conditions, as its coefficients are simply fitted by the geographical parameters without any physical foundation.
In order to achieve better performance for estimating solar radiation over the TP, a simple improved Ångström-type model was established using altitude and water vapor pressure as the leading factors accounting for the great variations in the coefficients. The improved model reproduced the coefficients quite well, and has the best performance among all models. Spatial distribution of solar radiation on the TP was then estimated based on the improved Ångström-type model and ANUSPLIN method. The overall pattern of radiation distribution was validated point by point at the 15 solar radiation stations. The estimation showed that solar radiation increases from east to west. Solar radiation in southwest TP is the greatest. Solar radiation estimation results for the TP based on the new model including the coefficients and rasterized solar radiation are available upon request.
